Pheromones play major roles in intraspecific communication in many animals. Elaborated communication systems in eusocial insects provide excellent materials to study neural mechanisms for social pheromone processing. We previously reported that alarm pheromone information is processed in a specific cluster of glomeruli in the antennal lobe of the ant Camponotus obscuripes. However, representation of alarm pheromone information in a secondary olfactory centre is unknown in any animal. Olfactory information in the antennal lobe is transmitted to secondary olfactory centres, including the lateral horn, by projection neurons (PNs). In this study, we compared distributions of terminal boutons of alarm pheromone-sensitive and -insensitive PNs in the lateral horn of ants. Distributions of their dendrites largely overlapped, but there was a region where boutons of pheromone-sensitive PNs, but not those of pheromone-insensitive PNs, were significantly denser than in the rest of the lateral horn. Moreover, most of a major type of pheromone-sensitive efferent neurons from the lateral horn extended dendritic branches in this region, suggesting specialization of this region for alarm pheromone processing. This study is the first study to demonstrate the presence of specialized areas for the processing of a non-sexual, social pheromone in the secondary olfactory centre in any animal.
INTRODUCTION
Pheromones are potent signalling molecules that are fundamental for organizing a wide range of social behaviours in many vertebrates and invertebrates. In mammals, recent studies have demonstrated the importance of pheromones in influencing social behaviour, but neural mechanisms of pheromone communication are not well understood (Brennan & Kendrick 2006; Brennan & Zufall 2006) . In insects, mechanisms by which sex pheromones are processed in the olfactory system have been extensively studied (Hildebrand & Shepherd 1997; Jefferis et al. 2007 ), but little is known about how nonsexual, social pheromones are processed. Eusocial insects such as ants have developed sophisticated communication systems by means of social pheromones (Vander Meer & Alonso 1998) . Therefore, they provide excellent materials to study neural mechanisms underlying the processing of social pheromones.
In insects, pheromonal and non-pheromonal olfactory molecules are received by olfactory receptor neurons situated on the antennae. Axons of receptor neurons project to the primary olfactory centre, the antennal lobe, which is the functional analogue of the olfactory bulb in mammals (Hildebrand & Shepherd 1997) . It has been shown that the axons of receptor neurons that express the same type of olfactory receptor gene converge on a single glomerulus in the antennal lobe, and the glomeruli thus serve as functional units (fruitfly Drosophila: Couto et al. 2005) . Since each type of receptor neuron responding to general environmental odours covers a wide range of chemical compounds that activate it (de Bruyne et al. 2001) , a general environmental odour evokes responses in a large subset of different types of receptor neurons, and one type of receptor neurons responds to a large number of odours. Therefore, information about a general environmental odour is coded as a spatio-temporal activity pattern of a number of glomeruli ( Joerges et al. 1997) . The information is then transmitted to secondary olfactory centres in the protocerebrum-that is, the lateral horn (l ho) and the mushroom body (mb)-by second-order olfactory neurons, called PNs. A general environmental odour evokes activities in a broad area of the calyces of the mb (Szyszka et al. 2005) , and the same has been proposed for the l ho (Jefferis et al. 2007) . The manner by which such an across-fibre pattern code is decoded is not well understood.
In contrast to general environmental odours, sex pheromone information is coded by specific neural channels in insects. Sex pheromones are sensed by highly specific receptor neurons, and their axons project to specialized glomeruli collectively called the macroglomerular complex (Boeckh & Ernst 1987) . PNs originating from the macroglomerular complex terminate in a specific region of the l ho, which is segregated out from the region where PNs conveying information about general environmental odours terminate (cockroaches: Nishino et al. 2003; moths: Kanzaki et al. 2003; Seki et al. 2005 ; fruitflies: Jefferis et al. 2007) .
Representation of non-sexual, social pheromone information in the primary olfactory centre has been studied in insects and in mammals (Brennan & Kendrick 2006) . In insects, two different theories for representation of social pheromones in the antennal lobe have been proposed. Firstly, calcium-imaging studies of the antennal lobe of the ant Camponotus rufipes (Galizia et al. 1999a) , the ant Camponotus floridanus (Zube et al. 2008 ) and the honeybee (Galizia et al. 1999b; Sachse et al. 1999; Sandoz et al. 2007 ) have shown that glomeruli at the ventral surface of the antennal lobe respond to alarm pheromones and also to non-pheromonal odours, and thus these authors proposed that non-sexual, social pheromones are coded as an across-glomeruli activity pattern, as are environmental odours. The worker of the carpenter ant Camponotus obscuripes possesses approximately 400 glomeruli, as does the worker of a closely related species (C. japonicus: approx. 430; Nakanishi et al. in press), and we recently found that all uniglomerular PNs (uniPNs) originating from one of five specific glomeruli responded to formic acid and/or n-undecane, alarm pheromone components . These glomeruli, which we refer to as the AS (alarm pheromone-sensitive) glomeruli, were clustered in the dorsalmost part of the antennal lobe. Most, but not all, of the uni-PNs originating from the AS glomeruli did not respond to any of the food odours we tested. Moreover, all of the multiglomerular PNs (multi-PNs) that responded to alarm pheromone components as well as non-pheromonal odours had dendrites in AS glomeruli, in addition to many other glomeruli. Thus, we have suggested that the antennal lobe of the ant C. obscuripes is equipped with specialized glomeruli to process alarm pheromone information. In the leaf-cutting ant Atta sexdens, the antennal lobe of large workers contains an enlarged glomerulus that exhibited responses to a major component of trail pheromone (Kleineidam et al. 2005; Kuebler et al. 2010) . In mammals, it is thought that relatively non-volatile and volatile social pheromones are processed in the accessory olfactory bulb and main olfactory bulb, respectively, and that non-volatile pheromonal odours are coded in specific glomeruli in the accessory olfactory bulb (labelled line code), while volatile pheromonal and non-pheromonal odours are coded as across-glomeruli patterns in the main olfactory bulb (Brennan & Kendrick 2006) . Signals processed in the primary olfactory centres are sent to secondary olfactory centres: the l ho and mb in the case of insects and the piriform cortex, olfactory tubercle, entorhinal cortex and amygdala in the case of mammals. In insects, it is thought that the neural pathway involving the l ho participates in innate response to odours, while the mb participates in learned behavioural responses to odours (de Belle & Heisenberg 1994; Heimbeck et al. 2001) . In mammals, the medial amygdala is thought to be important for the control of social behaviour (Brennan & Zufall 2006) . Elucidation of the representation of social pheromones in secondary olfactory centres is important for understanding neural mechanisms of social behaviour, but this remains largely unknown in any animal (Brennan & Kendrick 2006; Brennan & Zufall 2006) .
In this study, we investigated the distribution of terminal boutons of PNs, the morphology and olfactory responses of which have been described , in the l ho of the ant C. obscuripes. Specifically, the distribution of terminal boutons of pheromone-sensitive PNs was compared with that of pheromone-insensitive PNs. We also investigated the distribution of dendritic branches of a major class of pheromone-sensitive output (efferent) neurons from the l ho, whose morphology and olfactory responses have also been reported (Yamagata et al. 2005 (Yamagata et al. , 2007 .
MATERIAL AND METHODS
(a) Neurons used for anatomical analysis Neurons that were anatomically and physiologically characterized in our previous studies in the ant C. obscuripes (Yamagata et al. 2005 (Yamagata et al. , 2007 were used for the present anatomical analysis. Methods of intracellular recording, olfactory stimulation, analysis of odour responses and filling with Lucifer yellow have been previously described (Yamagata et al. , 2007 . In short, each ant was fixed on a recording stage, and the frontal side of the head capsule was cut open to expose the brain. The oesophagus and muscles in the head capsule were removed, and a glass rod was inserted into the oesophagus foramen to stabilize the brain. The brain was immersed in saline solution used in a related species, C. floridanus (Gronenberg et al. 1996) .
For intracellular recording and staining, borosilicate glass capillaries were pulled on a laser puller (P-2000, Sutter Instruments) and were filled with 8 per cent Lucifer yellow (Sigma) dissolved in 1 M LiCl 2 at the tips, with DC resistances of 60-90 MV. The electrical signal was amplified with an amplifier (MEZ-8100, Nihon Kohden) and displayed on an oscilloscope and a digital recorder (Omniace, NEC). Data were stored on a DAT recorder (RD120-T, TEAC). Recording durations varied from a few minutes to around 20 minutes. The recorded neuron was filled with Lucifer yellow by applying a hyperpolarizing current (20.3 to 22 nA). Staining was performed during recordings of odour responses or after completing the recordings. The brains were fixed in 4 per cent formaldehyde solution, dehydrated in an ascending ethanol series and cleared in methyl salicylate for confocal microscopic observations. A constant airflow system was used so that air that was passed through a cartridge containing a filter paper soaked with 40 ml odourant solution could be delivered to an antenna of the ant without changing the flow rate. The residual air around the preparation was continuously sucked out by a vacuum system. Animals received stimulations with all or a part of a set of odours that includes 100 per cent and 10 per cent formic acid (diluted in distilled water), 100 per cent and 10 per cent n-undecane (diluted in paraffin oil), vanilla, peppermint, 1-hexanol (diluted to 1% by paraffin oil), banana, apple, peach and maple odour. The spike data were analysed to characterize the response of each neuron to a given odour as excitatory, inhibitory or no response (for details, see Yamagata et al. 2007 ).
(b) Confocal microscopy and three-dimensional reconstruction The preparations were observed by confocal scanning microscopy (LSM510, Carl Zeiss, Jena, Germany). An argon laser (458 nm) was used to observe neurons filled with Lucifer yellow with 20Â objectives (NA ¼ 0.75 or 0.50) and a longpass filter (more than 475 nm). Optimal confocal pinhole sizes were assigned by the microscope's scanning software. Pixel sizes were 0.45 -0.64 mm. For three-dimensional reconstruction of the distribution of terminal boutons or dendritic branches of neurons in the l ho, optical sections were made at 4 mm intervals. In a few preparations, sections were made at approximately 2.9 mm intervals throughout the entire depth of the specimens for reconstruction of major neuropil structures and were visualized by auto-fluorescence.
The images were outlined and reconstructed three dimensionally with AMIRA software (Mercury, San Diego, CA). Volumes and distances of centroids of reconstructed structures were measured by AMIRA software. To minimize subjective biases, reconstructions of terminal boutons were performed in an experimenter-blind way.
We studied the distribution of terminal boutons of PNs in the l ho by using confocal stacks acquired with 4 mm intervals. The number of terminal boutons counted in this study may be a slight underestimation of the actual number, because the intervals were thicker than the diameter of a single bouton (approx. 1 mm). Indeed, we performed a reconstruction of terminal bouton distributions by the use of a confocal stack with 1 mm intervals in some neurons and found a larger number of reconstructed boutons (for 86.5%) compared with that in the case of 4 mm optical sections. However, the pattern of distribution of boutons in 1 mm optical sections did not differ from that in 4 mm optical sections, thus indicating that analysis with 4 mm intervals was sufficient for the purpose of the present study.
(c) Bodian staining For Bodian staining, the heads of ants were isolated and mounted in a dish, and the brains were exposed. The heads were immersed in saline containing 3 per cent paraformaldehyde for 1 h, and then the brains were dissected out. The brains were fixed with a solution containing 4 per cent paraformaldehyde, 5 per cent glacial acetic acid and 85 per cent ethanol for 2 days, dehydrated, and embedded in paraffin. A variation (Otsuka 1962 ) of the Bodian-reduced silver impregnation method was used for 12 mm sections.
(d) Definition of the lateral horn
The termination area of uni-PNs in the lateral protocerebrum is referred to as the lateral horn (l ho). A wider definition of the l ho is the termination area of uni-PNs or multi-PNs in the lateral protocerebrum, but here we adopted the narrower definition to focus on the termination areas of the predominant type of PNs (i.e. uni-PNs). Since the number of uni-PNs examined in this study was limited (n ¼ 6), the area described as l ho may not represent the entire l ho.
RESULTS
In ants, PNs are morphologically classified into three classes, namely: uniglomelular-PNs (uni-PNs), the axons of which pass through the lateral antenno-cerebral tract (l-ACT); uni-PNs, the axons of which pass through the medial antenno-cerebral tract (m-ACT); and multiglomerular-PNs (multi-PNs), the axons of which pass through the medio-lateral antenno-cerebral tract (ml-ACT; Zube et al. 2008) . Among these three types, we encountered only the latter two types in our studies in the ant C. obscuripes (Yamagata et al. 2007) . We thus studied the distributions of terminal boutons of uni-PNs from the m-ACT (n ¼ 6; an example is shown in the electronic supplementary material, figure S1a) and multi-PNs from the ml-ACT (n ¼ 19; an example is shown in the electronic supplementary material, figure S1b) in the l ho. Morphologies and olfactory responses of these neurons have been reported . In short, uni-PNs had dendrites in a single glomerulus in the antennal lobe (a lob; see the electronic supplementary material, figure S1a3, arrow) and their axons terminated in the l ho and the calyces of the mb. Multi-PNs innervated multiple glomeruli (see the electronic supplementary material, figure S1b2, arrow) and their axons terminate in the l ho, in addition to the region called the lateral network (see figure 1h ) and some other protocerebral regions .
We also studied the distribution of dendritic branches of a major type of efferent (output) neuron of the l ho (n ¼ 12; an example is shown in the electronic supplementary material, figure S1c), called a wide-field protocerebral neuron, the morphology and olfactory responses of which have been described (Yamagata et al. 2005 (Yamagata et al. , 2007 . In short, this type of neuron possesses spiny dendritic branches in the l ho, the vertical lobe of the mb, and the medial protocerebrum and varicose terminal branches in some premotor areas, including the dorsal protocerebrum, lateral accessory lobe and dorsal lobe. The neurons are likely to integrate pheromonal and non-pheromonal information received in the l ho and other protocerebral areas, and send the information to various premotor areas (Yamagata et al. 2007) .
We have reported that these input or output neurons of the l ho were physiologically classified into: (i) neurons that responded to alarm pheromone but not to any of the non-pheromonal odours tested (pheromone-specific neurons, n ¼ 6); (ii) neurons that responded to alarm pheromone components (formic acid and/or n-undecane; Fujiwara-Tsujii et al. 2006) and also to environmental odours (n ¼ 17); and (iii) neurons that did not respond to any of the pheromone components (pheromone-insensitive neurons, n ¼ 14; Yamagata et al. 2006) . Analyses of the distribution of terminal boutons of PNs in the l ho revealed complete overlapping of terminal boutons of the first and second types (see below), thus indicating that there is no region to exclusively receive alarm pheromone information (that is, to receive alarm pheromone information but not non-pheromonal information). Thus, these two types are grouped into 'pheromonesensitive' PNs, and the distributions of their terminal boutons were compared with those of the third type, pheromone-insensitive PNs. We observed no obvious difference in the distribution of terminal boutons between formic acid-sensitive neurons (n ¼ 7) and n-undecanesensitive neurons (n ¼ 3).
(a) Lateral horn of the ant brain We found two subregions of the l ho in Bodian-stained (figure 1a,b) and unstained brains of the ant C. obscuripes, and used these as landmarks to evaluate distributions of terminal boutons of PNs. At first, two spherical structures delineated by antenno-cerebral tracts (ACT) and an optic tract from the medulla (figure 1b, two red arrowheads), which we called the antero-lateral l ho (al l ho), are seen at the anterior end of the l ho (approx. 120 mm in depth from the frontal surface of the brain). The latter tract matches the anterior superior optic tract (a.s.o.t) described in honey bees (Mobbs 1982) . Another structure, which we call the lateral l ho (l l ho), is seen at the lateral edge of the lateral protocerebrum almost at the same depth (figure 1b). These two structures received different patterns of termination by two types of uniPNs from the m-ACT. One type of uni-PNs, which we call type 1 uni-PN, innervates the anterior part of the lateral l ho ( figure 1c ) and the antero-lateral l ho (figure 1e, arrowheads), while the other type of uni-PN, which we call type 2 uni-PN, innervates the posterior part of the lateral l ho ( figure 1d) . Locations of these structures relative to other protocerebral structures are shown in figure 1f ,g as three-dimensional reconstruction from two different view angles. The antero-lateral l ho (magenta) is located posteriorly to the mb calyces (ca, blue) and laterally to the mb pedunculus (ped, deep blue), the location in the ventro-dorsal axis being approximately 100 -180 mm from the frontal surface of the brain. The lateral l ho (khaki) is located postero-medially to the medulla (me, cyan) and postero-ventrally to the lobula (lo, green), the location in the ventro-dorsal axis being approximately 70 -150 mm from the frontal surface of the brain. We used these structures as landmarks for subsequent positional analyses of terminal boutons of PNs. Figure 1h shows terminal branches of a multi-PN. They are distributed in a part of the l ho and in areas of the lateral protocerbrum called the lateral network (Kirschner et al. 2006; Zube et al. 2008) . Figure 1j shows three-dimensional reconstruction of terminal boutons of a multi-PN in the l ho in two different view angles. Distinct termination areas of type 1 uni-PNs, type 2 uniPNs and mulit-PNs in the l ho are illustrated in figure 1i . figure 2b is type 2 and all others are type 1 uni-PNs. Two of the three neurons in figure 2a specifically responded to alarm pheromone and originated from the AS1 or AS2 glomerulus (left and middle). The distribution of their terminal boutons overlapped with that of a PN that responded to alarm pheromone and non-pheromonal odours and originated from the AS4 glomerulus (right). All of the three pheromone-sensitive uni-PNs exhibited terminal boutons in a region posterior to the antero-lateral l ho (red boutons). In contrast, only one of the three pheromone-insensitive uni-PNs exhibited terminal boutons in this region. This region expands approximately 30 -40 mm in the anteroposterior axis and approximately 70 -80 mm from the medial edge of the medial compartment to the medial edge of the lateral compartment of the antero-lateral l ho in the medio-lateral axis (shown as blue regions), making up approximately 4.76 + 0.34 per cent (n ¼ 11) of the total volume of the l ho (blue). In subsequent sections, we examined whether this area can be regarded as a specialized area for the processing of alarm pheromone information: we defined 'alarm pheromone focus' as the area to receive terminal boutons of pheromonesensitive PNs significantly more densely than the rest of the l ho, and examined whether the area described above, which we refer to as putative alarm pheromone focus, fulfils this definition. Distributions of terminal boutons of pheromone-sensitive and pheromone-insensitive PNs are largely overlapped, but a region posterior to the antero-lateral l ho (blue) receives boutons from all of the three pheromone-sensitive PNs but from only one of the three pheromone-insensitive PNs. Boutons in the pheromone focus are coloured red and those in the rest of the l ho are coloured black. The neuron was sensitive or insensitive to formic acid (f+), n-undecane (u+) and non-pheromonal environmental odours (np+) tested. inhi.: the response was inhibitory. AS: alarm pheromone-sensitive glomerulus . The number for each pheromone-sensitive uni-PN in (a) corresponds to that in the electronic supplementary material, table S1 (scale bar, 50 mm). . This is in contrast to the fact that only four (shown in broken square) of 11 pheromone-insensitive multi-PNs have terminal boutons in this region. ASþ and AS2 indicate that the neuron had dendrites in at least one of the AS glomeruli and that the neuron had no dendrites in any of the AS glomeruli, respectively. All eight pheromone-sensitive multi-PNs innervated the AS glomeruli. Seven out of 11 pheromoneinsensitive multi-PNs had densities in the AS glomeruli. Pheromone insensitivity of these multi-PNs is probably because they receive only a very weak synaptic input from the AS glomeruli. Notice that multi-PNs have dendrites in more than 50 glomeruli, among which only a few are the AS glomeruli. The number for each pheromone-sensitive multi-PN in (a) corresponds to that in the electronic supplementary material, table S1. For abbreviations, see legend of figure 2. table S1. In general, terminal boutons of multi-PNs were situated dorso-medially to those of uni-PNs. There was a high degree of overlap between the termination areas of multi-PNs that specifically responded to alarm pheromone components (n ¼ 3) and those of multi-PNs that responded both to pheromonal and non-pheromonal odours (n ¼ 5). All pheromone-sensitive multi-PNs had terminal boutons at the putative alarm pheromone focus defined by uni-PNs (figure 3a, red boutons in the blue region). On the other hand, terminal boutons of only four of the 11 pheromone-insensitive multi-PNs (broken square in figure 3b ) were distributed in this region. We counted the numbers of terminal boutons of pheromone-sensitive and pheromone-insensitive PNs in the entire l ho and in the putative alarm pheromone focus. On average, we counted 126.1 + 22.7 (mean + s.e.m.; n ¼ 11) boutons for each of the pheromonesensitive neurons and 97.4 + 16.4 (n ¼ 14) boutons for each of the pheromone-insensitive neurons in the l ho, the numbers not being significantly different (p ¼ 0.32, t-test). The ratios of boutons distributed in the putative pheromone focus were 12.3 + 2.4 per cent (n ¼ 11) in the case of pheromone-sensitive PNs and 3.3 + 1.6 per cent (n ¼ 14) in the case of pheromone-insensitive PNs, and the ratios were significantly different (figure 4a, p ¼ 0.005, t-test). In accordance with this, the density (number per volume) of terminal boutons in the putative pheromone focus (19.6 + 2.8 Â 10 25 boutons mm 23 , n ¼ 11) was significantly greater than that in the rest of the l ho (9.7 + 1.7 Â 10 25 boutons mm
23
, n ¼ 11) in the case of pheromone-sensitive PNs (figure 4b, p ¼ 0.01, paired t-test), but it did not significantly differ in the case of pheromone-insensitive PNs (p ¼ 0.68, paired t-test). Therefore, terminal boutons of AS PNs are more densely distributed in the putative alarm pheromone focus than in the rest of the l ho. In contrast, those of pheromone-insensitive PNs are not.
(c) Evaluation of the spatial extent of the pheromone focus The analysis described above shows that the putative pheromone focus, which occupies approximately 4.8 per cent of the l ho, fulfils our definition of the alarm pheromone focus. We next attempted to delimit the spatial extent of the pheromone focus. At first, we defined a larger region around the putative pheromone focus (see the electronic supplementary material, large region in figure S2a), which occupies approximately 16.8 per cent of the l ho (as is described below), and a smaller region within the putative pheromone focus (small region), which occupies approximately 1.2 per cent of the l ho. Then, we examined whether these regions fulfil the definition of the alarm pheromone focus, as does the putative pheromone focus (medium-sized region).
At first, we defined these regions as quantitatively as possible. The areas of the small, medium-sized and large regions in the l ho were 1.33 + 0.06 Â 10 4 mm 3 (1.15 + 0.07% of the l ho, small, n ¼ 11), 5.52 + 0.29 Â 10 4 mm 3 (4.76 + 0.34%, mid, n ¼ 11) and 1.94 + 0.10 Â 10 5 mm 3 (16.82 + 1.17%, large, n ¼ 11), respectively (see the electronic supplementary material, figure S2b). Distances between centroids of these regions and those of the antero-lateral l ho did not significantly differ (see the electronic supplementary material, figure S2c; p ¼ 0.34, ANOVA, n ¼ 11 for each region), indicating that their relative location did not differ in the antero-posterior axis. On the other hand, distances between centroids of the regions and those of the lateral l ho differed significantly (see the electronic supplementary material, figure S2c; p ¼ 0.008, ANOVA, n ¼ 11). This was because the centroid of the large region was shifted laterally in the medio-lateral axis. The variance of location of the regions among individuals was small (see the electronic supplementary material, figure S2d; approx. 3-10 mm in each axis). However, it should be noted that such variance indicates some degree of ambiguity in defining the regions, especially in defining the small region.
We calculated the number of boutons of pheromonesensitive PNs per volume (see the electronic supplementary material, figure S2e) for the small or large region (inside, white bars) and for the rest of the l ho (outside, grey bars). We observed that the bouton density was less in the large region than in the small region or the medium-sized region, although the bouton density did not significantly differ among these three regions (p ¼ 0.41, ANOVA, n ¼ 11 for each category), which again implies the existence of a confined region where boutons of pheromone-sensitive PNs are densely distributed. Although the bouton density was significantly greater in the putative alarm pheromone focus (the medium-sized region) than in the rest of the l ho, as we have shown in figure 4b , the bouton density in the small region did not significantly differ from that in the rest of the l ho (p ¼ 0.15, paired t-test, n ¼ 11), due mainly to a large variance of bouton density in the small region among pheromone-sensitive PNs. The bouton density in the large region did not significantly differ from that Pheromone coding in the ant lateral horn N. Yamagata & M. Mizunami 2471 in the rest of the l ho (p ¼ 0.14, paired t-test, n ¼ 11). We thus conclude that the medium-sized region provides a good estimate of the spatial extent of the pheromone focus and refer to this region as the pheromone focus.
(d) Distribution of dendrites of pheromonesensitive output neurons in the lateral horn Finally, we evaluated distributions of dendritic branches of a class of pheromone-sensitive output neurons of the l ho, called wide-field protocerebrum neurons (see the electronic supplementary material, figure S3 ; n ¼ 12). Dendritic branches of these neurons were preferentially distributed at the posterior region of the antero-lateral l ho, which corresponded to the pheromone focus. The distribution of dendrites of pheromone-specific neurons (n ¼ 2) did not differ from that of neurons that responded to both pheromonal and non-pheromonal odours (n ¼ 10). Notably, 11 of the 12 pheromone-sensitive neurons had dendrites in the pheromone focus defined by the distribution of terminal boutons of uni-PNs (see the electronic supplementary material, figure S3 , black broken ellipses).
The finding that most of the pheromone-sensitive output neurons of the l ho had dendrites in the pheromone focus confirms that this area plays a major role in the processing of alarm pheromone information. Dendrites of some neurons (n ¼ 4) were almost confined to the pheromone focus (e.g. see the electronic supplementary material, the first neuron in figure S3 ). Pheromone-insensitive neurons of this class were encountered only twice and thus were not included in the analysis. One neuron innervated the pheromone focus and the other did not.
DISCUSSION (a) Major findings
In our previous study, we found that all of the PNs that exhibited responses to alarm pheromone had dendrites in a group of glomeruli in the antennal lobe of the ant C. obscuripes, and we referred to these glomeruli as AS glomeruli . We also anatomically and physiologically characterized one type of pheromone-sensitive neurons with dendrites in the l ho, one of the termination areas of PNs (Yamagata et al. 2005 (Yamagata et al. , 2007 . Distributions of terminal boutons of pheromonesensitive and pheromone-insensitive PNs in the l ho, as well as those of dendritic branches of these pheromonesensitive output (efferent) neurons of the l ho, were examined in this study. This study is the first study on spatial representation of olfactory information in a secondary olfactory centre in any animal, based on analysis of physiologically and anatomically identified afferent (input) and efferent (output) neurons. We found no region to specifically represent alarm pheromone information: terminal boutons of pheromone-sensitive PNs were widely distributed in the l ho and all regions that received alarm pheromone information also received non-pheromonal information. This is in contrast to the findings in some species of insects that the area to represent sex pheromone information is in large part segregated from the area to represent information on other odours in the l ho (cockroaches: Nishino et al. 2003; moths: Kanzaki et al. 2003; Seki et al. 2005 ; fruit-flies: Jefferis et al. 2007 ). However, we found an area in the antero-medial region of the l ho in which terminal boutons of pheromone-sensitive PNs are significantly more densely distributed than in the rest of the l ho but those of pheromone-insensitive PNs are not. We refer to this area as the alarm pheromone focus. It should be noted that our samples include only five pheromone-specific PNs and more studies based on a larger number of samples are needed to better characterize the spatial extent and functional roles of the alarm pheromone focus.
We also found that most of a major type of pheromone-sensitive output neurons of the l ho, wide-field protocerebral neurons (Yamagata et al. 2007) , had dendritic branches in the alarm pheromone focus, and we suggest that this area plays major roles in alarm pheromone processing. These neurons typically responded to both alarm pheromones and non-pheromonal odours, and had dendritic arborizations in the l ho and in some other areas of the protocerebrum (see the electronic supplementary material, figure S1c; Yamagata et al. 2007) . Therefore, we assume that these neurons integrate alarm pheromone information received in the l ho and non-pheromonal information received in other areas of the protocerebrum. Strictly speaking, these neurons are not ideal for quantitatively evaluating the processing of alarm pheromone information in the l ho, because it is unclear to what extent the observed spiking activities of these neurons reflect synaptic input received in the l ho. Pheromone-sensitive output neurons of the l ho whose dendrites are confined within the l ho are more suited for such analysis, but such neurons have rarely been encountered in our studies.
It should be noted that the presence of the alarm pheromone focus does not rule out the possibility that the other l ho regions play roles in at least some aspects of alarm pheromone processing. This possibility may be strengthened if we find pheromone-sensitive l ho efferent neurons for which the dendrites are not densely distributed in the pheromone focus, but we have not yet encountered such types of efferent neurons.
(b) Representation of social pheromone information in the lateral horn The finding that the alarm pheromone focus in the l ho receives not only pheromonal information but also nonpheromonal information suggests that pheromonal information is integrated with non-pheromonal information in this area. Notice, however, that this area may also allow for specifically extracting pheromonal information by summation of synaptic inputs from a large number of pheromone-sensitive PNs and a smaller number of pheromone-insensitive PNs, which should improve signal-to-noise ratio if it is combined with a high threshold for spike firing. Thus, the alarm pheromone focus may be able to perform three different tasks, i.e. to extract alarm pheromone information, to integrate pheromonal and non-pheromonal information, and to pass them to different sets of output (efferent) neurons.
Are similar 'foci' likely to be present for general environmental odours? A simulation study of terminal activities of PNs in the l ho in fruitflies, based on response spectra of receptor neurons ( Jefferis et al. 2007) , suggested the presence of five separate domains that process information received by different subsets of receptor neurons, one of which processes sex pheromones and the other four of which process odours other than sex pheromones. Thus, a degree of functional subdivision is present in the l ho, which may provide the basis for a degree of categorization of general environmental odours. However, it is unlikely that each of the thousands of environmental odours has its own specific focus in the l ho. Studies of PNs in some species of insects (honey bees: Mü ller et al. 2002; Yamagata et al. 2009; moths: Hildebrand & Shepherd 1997; locusts: Laurent 2002) have shown that each PN responds to a large number of odours and each odour evokes responses in a large number of PNs, indicating an across-fibre activity pattern coding for general environmental odours by a population of PNs. Therefore, whatever the projection patterns of PNs in the l ho are, it is unlikely that terminal boutons of PNs that respond to a particular odour, such as peppermint or vanilla, can converge to a specific area in the l ho. We thus suggest that the presence of the alarm pheromone focus in the l ho of C. obscuripes reflects the presence of specific glomeruli (and their PNs) for processing alarm pheromone information in the antennal lobe.
It should be noted that our finding of the pheromone focus is based on observation of a relatively limited number of PNs. In honey bees and in C. rufipes and C. floridanus ants, calcium imaging studies of glomeruli at the surface of the antennal lobe have revealed that many glomeruli in this area responded both to alarm pheromones and non-pheromonal odours (Galizia et al. 1999a,b; Sachse et al. 1999; Zube et al. 2008 ), and we have not yet encountered any pheromone-sensitive uniPNs originating from this area. Whether uni-PNs from this area terminate in the alarm pheromone focus of the l ho needs to be studied.
In conclusion, we propose that the manner by which alarm pheromones are coded in the l ho is intermediate between labelled-line coding for sex pheromone and across-regional activity pattern coding for each general environmental odour. To evaluate the validity of our proposal, further studies of spatial representations of alarm pheromones and general environmental odours in the l ho of the worker ant, as well as spatial representations of sex pheromones in the l ho of the male ant, will be necessary.
Evolution of social behaviour and of brain mechanisms underlying social behaviour are intriguing subjects in neurobiology, and our suggestion that representation of alarm pheromone information in the l ho is an intermediate between separate representation for sex pheromone and overlapping representation for general environmental odours has an implication for evolution of the neural system to process non-sexual, social pheromones in insects. In insects, the system to process sex pheromone information should have emerged in a very early stage and its separation from the system to process general environmental odours is found in many species of insects. In contrast, the system to process alarm pheromone information described here is likely to have been developed later during the course of evolution of social systems in hymenopteran insects. Thus, the imperfect separation of the system to deal with social pheromones may indicate that such a system has emerged relatively recently from the system to process general environmental odours. Alternatively, the imperfect separation may indicate that alarm pheromone information needs to be integrated with non-pheromonal odours for appropriate defence behaviour against nest intruders (Vander Meer & Alonso 1998) . Further studies on social pheromone processing in the ant brain are promising for a better understanding of the evolution of neural systems underlying social behaviour in insects.
